Abstract. Oxidative stress and apoptosis serve an essential role in cisplatin-induced cardiotoxicity, which limits its clinical use, and increases the risk of cardiovascular disease. As a natural drug, the antioxidant and antitumor effects of cyanidin have been recognized, but its protective effect on cisplatin-induced cardiomyocyte cytotoxicity remains unclear. H9c2 cells were treated with cisplatin (1-40 µM) in the presence or absence of cyanidin (40-80 µM), subsequently; oxidative stress, apoptosis and mitochondrial function were assessed using several techniques. The results demonstrated that cyanidin was able to dose-dependently reverse cisplatin-induced cell damage and apoptosis, attenuate the accumulation of reactive oxygen species (ROS), and mitochondrial membrane potential depolarization, downregulate the expression of Bcl-2 homologous antagonist/killer, upregulate the expression of apoptosis regulator Bcl-2, and reduce the activation of caspase 3, caspase 9, but not caspase 8. Furthermore, the results revealed that the translocation of apoptosis regulator Bax (Bax) from the cytoplasm to the mitochondrial membrane serves an essential role in cisplatin-induced apoptosis. Cyanidin was able to block the translocation of Bax and reduce the release of cytochrome c from cytoplasm. These data indicate that cyanidin attenuates cisplatin-induced cardiotoxicity by inhibiting ROS-mediated apoptosis, while the mitochondrial and extracellular regulated kinase signaling pathways may also serve important roles.
Introduction
Cisplatin, a commonly used cytotoxic antitumor drugs, has a major clinical efficacy, but dose related cardiotoxicity are increasingly recognized among clinicians (1) , which contains electrocardiographic changes, arrhythmias (2, 3) , angina pectoris (4), cardiac failure (5), vascular events (6) etc. These events may restrict dose of cisplatin in some cases and increase the long-term prevalence of cardiovascular disease in patients have been received chemotherapy. The current study suggests that cisplatin injury mainly in myocardial cells and vascular endothelium, eventually leads to myocardial cell systolic dysfunction associated with mitochondrial damage and vascular endothelial injury (7) . Despite the precise mechanisms of cisplatin-induced cardiotoxicity is not fully elucidated, oxidative stress, apoptosis, DNA damage, endoplasmic reticulum and inflammation are considered to be involved in the occurrence of cells injury (1) .
Cisplatin can break the balance of intracellular oxidative stress and antioxidant stress when it entered the cell, which leading to increased oxygen free radicals and causing two different outcomes, apoptosis and necrosis (8) , and the former has been confirmed in a variety of cytotoxicity models induced by cisplatin (9) (10) (11) . Bcl-2 family plays an important role in the process of cardiomyocytes apoptosis, and Bax and Bcl-2 are the most representative inhibition of apoptosis and promote apoptosis gene, and Bax is the main regulator of Bcl-2 activity. When cisplatin induces generation of ROS, Bax was activated and transported to the mitochondrial outer membrane and changes its permeability, causing the opening of the mitochondrial permeability transition pores (MPTPs), releasing the cytochrome c into the cytosol, and leading to activation of caspase 9, as well as downstream caspases and inducing caspase-dependent manner (10) .
Mitogen activated protein kinases (MAPK) are a family of structurally related serine/threonine protein kinase that transduces extracellular signals into the cells to regulate cell growth, proliferation and differentiation, including c-JUN N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK) and p38 kinase. Cisplatin has been shown to modulate the ERK signal pathway to induce apoptosis in a variety of cells, but its mechanism of action on cardiomyocytes remains unclear (11) .
As a member of the flavonoid family, anthocyanins have received more and more attention in clinical application due to their clear antioxidant action. Among of them, cyanidin has been extensively studied because of their novel anticancer and anti-apoptosis activities (12, 13) . Shih et al found that cyanidin could play antioxidant protection capacity through the Nrf2/ARE pathway (14) . Park et al demonstrated that cyanidin had a strong inhibitory effect on tumorigenic transformation via different cellular signaling pathways (15) . Moreover, cyanidin attenuated ROS-mediated apoptosis have been demonstrated in HK2 cells and PC12 cells (16, 17) . Increasing studies have focused on the use of natural drugs in combination with chemotherapy to relieve the side effects of the latter, but little is known about the mechanism of cisplatin induced cardiotoxicity. Therefore, in the present study, H9c2 cardiomyocytes were used as a model to investigate the mechanism of cyanidin against cisplatin-induced H9c2 cardiomyocytes damage.
Materials and methods
Cell culture. An H9c2 cardiac myoblast cell line was obtained from the Shanghai Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM medium (containing 10% fetal bovine serum, 1% penicillin/streptomycin, and 25 mM Hepes) at 37˚C in a humidified incubator with 5% CO 2 for 48 h. MTT assay. Cell viability was detected by MTT assay. H9c2 cells plated in 96-well plates at 3x10 4 cells/well were pre-treated with cyanidin for 3 h and co-treated with cisplatin for 24 h, and then cells were incubated with different treatments and different times. After incubation, the medium was removed and 10 µl MTT (5 mg/ml) (Sigma-Aldrich, Saint Louis, Missouri, USA) was added for 4 h. After the incubation, 150 µl DMSO was added to dissolve formazan crystals, and the absorbance was measured at 570 nm with a microplate reader Elx800 (Bio-Tek, Winooski, Vermont, USA).
TUNEL assay. Treated H9c2 cells cultured in 6-well plates were fixed with 4% neutral formaldehyde for 20 min at 4˚C. After washing with PBS, cells were permeabilized on ice with 0.1% Triton X-100 in PBS for 2 min. Washed cells were incubated for 60 min with 50 µl/well TUNEL reaction mixture (Beyotime, Shanghai, China), which containing nucleotide mixture and terminal deoxynucleotidyl transferase. At last, the cells were then washed by PBS for 3 times and observed under fluorescence microscope (Olympus BX43, Tokyo, Japan). TUNEL-positive cells were random counted in 5 randomly fields per section, then quantified by image analysis system. The apoptosis rate was expressed as the ratio of TUNEL-positive cardiomyocytes number to total number of cardiomyocytes.
Flow cytometr y assay. The number of apoptotic cells was quantified using Annexin V-binding and PI-uptake (Sigma-Aldrich, St. Louis, MO, USA). H9c2 cells after treatment were collected by centrifugation, washed by PBS. 5 µl Annexin V-FIT (20 µg/ml) and 10 µl PI (50 µg/ml) were added and incubated in dark at room temperature for 15 min, then quantified by cell flow cytometry (BD, CA, USA).
Determination of intracellular ROS. The intracellular ROS was performed using a fluorescent probe (Beyotime, Shanghai, China). H9c2 Cells were seeded in 96-well microplates (10 5 cells/well) were incubated with 10 µM DCFH-DA at 37˚C for 20 min, washed by serum-free cell culture medium. Then cells were treated with cisplatin 1 h and or cyanidin 3 h. After that, the ROS level was detected by Laser scanning confocal microscope (TCS SP5, Leica, Germany).
Mitochondrial membrane potential assay. H9c2 cells in 6-well plates were trypsinized after treated with cisplatin 1 h or/and cyanidin 3 h. Then cells washed with PBS and resuspended in 0.5 ml of PBS buffer containing 10 µg/ml of JC-1. After incubation for 30 min at 37˚C, cells were centrifuged to discard the supernatant. Cell pellets were suspended in PBS and then analyzed by flow cytometry. Mitochondrial membrane potential was measured using JC-1 Assay kit (Beyotime, Shanghai, China) according to the manufacturer's protocol. JC-1 is a mitochondria-sensitive dye that detects mitochondrial membrane potential changes by observing the degree of mitochondrial matrix aggregation. The aggregate JC-1 (red fluorescence) was detected at the emission wavelength of 590 nm, and the monomeric JC-1 (green fluorescence) monitored at 529 nm.
Caspase activity assay. Caspase 3, caspase 9 and caspase 8 activities were determined by spectrophotometric method (Caspase Assay kit, Beyotime, Jiangsu, China). Treated cells were harvested, suspended in cell lysis buffer (80-100 µl) and incubated on ice for 30 min, after centrifugation at 10,000 x g for 15 min at 4˚C, supernatants were collected and placed in 96-well plates and then 10 µl specific caspase substrates (Ac-DEVD-pNA) was added. Plates were incubated at 37˚C for 2 h and caspase activities were tested by spectrophotometer (Spectrum, Shanghai, China).
Fractionation of cytoplasm and mitochondria protein.
Cells were collected and washed by ice-cold PBS, and resuspended in buffer (250 mM sucrose, 1 mM EDTA, 50 mMTris-HCl, 1 mM DTT, 1 mM PMSF, 1 mM Benzamidine, 0.28 u/ml apotinin, 50 µg/ml leupeptin, and 7 µg/ml pepstainA, pH 7.4), then transferred to a glass homogenizer (Shanghai, China) and twitched 30 times. The lysates were centrifuged at 1,000 x g for 10 min at 4˚C, the supernatant was transferred to a new EP tube and subsequently centrifuged at 1,000 x g for 20 min at 4˚C, the supernatant contained cytoplasmic and membrane protein and the sediments was the crude of mitochondria. The cytosolicfractions was purified by ultracentrifugation and the crude of mitochondria was resuspended and centrifuged 3 times at 10,000 x g for 10 min at 4˚C. Finally, mitochondria were precipitated in cell lysates (18) .
Western blotting. Equal amounts of protein from each sample were resolved on SDS-PAGE (BioRad, USA) and transferred to polyvinylidene fluoride membranes (PVDF, Thermo Scientific, Rockford IL, USA). The membranes were blocked in TBS buffer containing 5% nonfat milk for 1 h, then incubated with primary antibodies at 1:1,000 dilutions overnight at 4˚C in 5% non-fat milk. Following, it was incubated with secondary antibodies at 1:2,000 for 1 h at room temperature. After washed by TBS buffer, immunoreactive bands on the membrane were visualized using chemiluminescent reagents (Thermo Scientific, Rockford IL, USA), the results analyzed with software (Tanon, Shanghai, China). The primary antibodies included cleaved caspase 3, Bax, Bak, Bcl-2, cytochrome c, ERK, p-ERK, β-actin, and Cox IV, all of which were purchased from Cell Signaling Technology, Inc.
Statistical analysis. Every experiment was repeated at least three times. Data were expressed in the form of mean ± standard deviation. Student t test was used to compare the differences between the two means and one-way ANOVA was used to compare the differences between multiple parameters. P<0.05 was considered statistically significant.
Results
Cyanidin improves myocardial cells viability after exposure to cisplatin. To investigate the cytotoxic effects of cisplatin on H9c2 cells and possible protective effects of cyanidin, the pre-treated cells were detected by MTT assay. As shown in Fig. 1 , cultured H9c2 cells were incubated with varying concentrations of cisplatin (0-40 µM) and periods of time, the results showed that the cell viability decreased with increasing cisplatin concentration (Fig. 1A) . Similarly, with the prolongation of incubation time, the cell viability was significantly reduced (Fig. 1B) , which implying potential cardiotoxicity. For combined intervention, cyanidin significantly reversed cisplatin-induced the decline of cells viability in a dose-dependent way (Fig. 1C) . 
Cyanidin reduces cisplatin-induced H9c2 cell apoptosis.
TUNEl and Annexin V-FITC/PI staining was used to detect apoptosis (Fig. 2) . As shown in Fig. 2A and C, H9c2 cells apoptosis were detected by TUNEL after exposed with cisplatin alone or co-treated with cyanidin. The data indicated that cisplatin induced evident apoptosis compared with control group. However, co-treatment with cyanidin greatly reduced cells apoptosis. For more accurate results, Annexin V-FITC/PI was used to detect early stage of apoptosis. The results showed that 80 µh cyanidin reduced the cisplatin-induced apoptotic rate (Fig. 2B and D) , which were further confirmed that cyanidin inhibits cisplatin-induced apoptosis.
Cyanidin attenuates cisplatin-induced accumulation of ROS and ΔΨm depolarization.
Oxidative stress-mediated cells damage is an important mechanism of cisplatin induced cytotoxicity. The present data show that the intracellular ROS increased significantly when exposed to cisplatin. After the combination with cyanidin 40 or 80 µM, the levels of ROS were markedly reduced ( Fig. 3A and B) . Overexpression of ROS can cause mitochondrial dysfunction, and then activate (Fig. 3C) , especially 80 µM cyanidin significantly alleviated the elevated ΔΨm (Fig. 3D) .
Cyanidin alleviates cisplatin-induced activation of caspases.
Several studies have demonstrated that cisplatin-induced cells toxicity is associated with both intrinsic and extrinsic apoptotic pathways (10, 19) , to identify the exact pathway of cisplatin action, we test activity of caspase 9, caspase 8 and caspase 3 by spectrophotometric method. As shown in Fig. 4 , after cisplatin administration (40 µM), the activity of caspase 9, caspase 8 and caspase 3 were significantly increased. When co-incubated with cyanidin (80 µM), the expression of caspase 9 and caspase 3 were evidently reduced (Fig. 4A and C) , but not caspase 8 (Fig. 4B) . Meanwhile, activation of caspase 3 was also detected by western blotting (Fig. 4D) , it could also suppressed by cyanidin (80 µM). These results suggested that cyanidin mitigated cardiomyocytes apoptosis via mitochondrial pathway. apoptosis-related proteins were detected by immunblotting. In the control group, Bax was mainly expressed in cytoplasm, and cytochrome c was mainly expressed in mitochondria. After cisplatin administration, Bax was significantly decreased in cytoplasm and increased in mitochondria, whereas cytochrome c showed an opposite tendency to Bax, which further leading to caspases activation. However, combined with cyanidin treatment reversed the translocation of Bax and cytochrome c (Fig. 5A) . The relative quantitative results also suggested that cyanidin treatment significantly improved the translocation of Bax induced by cisplatin ( Fig. 5B and C) . Moreover, we detected Bak and Bcl-2 by immunblotting and found cyanidin promoted the expression of anti-apoptotic proteins and inhibited the expression of pro-apoptosis protein Bak (Fig. 5D ) and relative quantification was statistically significant (Fig. 5E and F) .
Cyanidin promotes the translocation of

Cyanidin suppresses cisplatin-induced ERK activation.
ERK pathway plays an active role in cisplatin-induced apoptosis and caspase cascade signal activation to initiate apoptosis (20) , but has not been confirmed in myocardial cells apoptosis model. To answer this doubt, H9c2 cells were incubated with different concentrations of cisplatin for 24 h, and then detected by immunblotting (Fig. 6 ). The data showed that phosphorylation of ERK increased with the increasing of cisplatin concentration (Fig. 6A) , and the ratio of pERK/ERK also gradually increased (Fig. 6C) , which means cisplatin could activate the ERK1/2 pathway in a dose-dependent manner. To further understand the protective mechanism of cyanidin, H9c2 cells were pre-incubated with U0126, and then incubated with cisplatin or/and cyanidin to detect the expression of ERK and p-ERK. The results indicated that U0126 could significantly block the activation of ERK induced by cisplatin, and cyanidin had similar effects as U0126 (Fig. 6B and D) . These data suggested that ERK signaling pathway might play an important role in cyanidin against apoptosis and protecting cardiomyocytes.
Discussion
Recently, cisplatin-induced cardiovascular toxicity has received increasing attention, its occurrence mechanism and effective measures still restricts the clinical use of cisplatin. In vitro and in vivo studies have demonstrated the critical role of oxidative stress and apoptosis in cardiomyocytes cytotoxicity (21) (22) (23) . Also, studies have shown that cyanidin has a potential chemoprotective agent can attenuates cisplatin-induced nephrotoxicity and neurotoxicity (16, 17, 24) . Therefore, as a protective agent against oxidative stress and anti-apoptosis, cyanidin was used to study the mechanism of cytotoxicity of cisplatin. The results of MTT assay indicated that cyanidin significantly reduced cisplatin-induced H9c2 cells damage. (Fig. 1) . TUNEL assay was more intuitive to show the toxicity of cisplatin (40 µM) for H9c2 cells, while cyanidin (80 µM) makes the rate of apoptosis decreased (Fig. 2) , this protective effect has also demonstrated in models of oxidative stress-mediated amyloid beta neurotoxicity (25) . Cardiomyocytes with rich mitochondria is the power of energy metabolism. When cisplatin accumulates in the mitochondrial matrix, it causes a large amount of ROS production and mitochondrial dysfunction, which leading to increased mitochondrial permeability, pro-apoptotic factor release and initiate apoptosis. In the present study, we demonstrated that cisplatin combined with cyanidin treatment could reduce ROS production and mitochondrial membrane depolarization, and decrease cytochrome c release and activation of caspase 3. Cisplatin-induced apoptosis mainly involve the mitochondrial-mediated intrinsic pathway, death receptor-mediated pathway and endoplasmic reticulum pathway, the most closely related is intrinsic pathway (10, 26, 27) . When cisplatin enters the cell, the Bcl-2 family of pro-apoptotic proteins such as Bad and Bim are activated to induce Bax translocation to mitochondrial outer membrane and forming dimer with Bak, causing the release of apoptotic factors, Further activation of caspase 9, leading to apoptosis. In our study, caspase 9 and caspase 8 were tested and the results suggested that cisplatin induced apoptosis through the mitochondrial pathway, whereas cyanidin played a protective role via mitigating mitochondrial translocation of Bax, down-regulating pro-apoptotic protein, and up-regulating anti-apoptotic proteins (Figs. 3 and 4) .
Depending on cell types and stimulis, the activation of ERK pathway plays a different role, including regulation of apoptosis, proliferation, autophagy and senescence (28) . The regulation of ERK pathway has been confirmed in cisplatin-induced apoptosis of renal tubular epithelial cells, by regulating the translocation of Bax, the expression of pro-apoptotic protein and anti-apoptotic protein, further regulating the apoptosis through mitochondrial pathway (16, 29) . Moreover, further evidence suggested that U0126 attenuated caspase-3-mediated apoptosis through inhibition of ERK pathway in the cisplatin-induced acute kidney injury model (30) . Consistent with this conclusion, our study clarified the relationship between ERK pathway, Bax translocation, mitochondrial pathway and apoptosis after further confirmation of ERK pathway inhibitor U0126, and this may be the mechanism by which cyanidin exert its anti-apoptotic effects (Figs. 5, 6 ).
In conclusion, our study demonstrated that cyanidin reduced the cardiotoxicity induced by cisplatin via inhibiting the ROS-mediated apoptosis, and mitochondrial pathway and ERK signaling pathway may be the mechanism of its protective effect.
